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spaceborne There a r e  var ious s t ages  and forms o f  error i n  anner imaging 
s y s t e m .  The instrument,  i n  t h i s  case co tx i s t ing  of  t h e  spacecraf t  and its 
sensors ,  is designed t o  behave In  a nominal or i dea l  way. Ir; r e a l  operat ing 
condi t ions,  t he re  a r e  devia t ions  from t h i s  nominal behavior, lhese  devia t ions  
a r e  a source of  e r r o r  not only a s  independent e n t i t i e s  b u t  because of t he  i n -  
terdependence of t h e  var ious components of  the  instrument. Thus ,  dev ia t ion  
from design of one parameter may cause another t o  d isp lay  nonoptimal behavior. 
lhe devia t ions  mentioned above a r e  l a r g e  enough t h a t  i f  t h e y  a r e  ignored in 
subsequent processing on the  ground, t h e  r e s u l t i n g  images w i l l  be d i s t o r t e d  
and misregls tered t o  unacceptably high levels. Therefore, d i r e c t  or i nd i r ec t  
measurement of  devia t ions  i n  instrument performance is necessary. Inaccura- 
c i e s  i n  measurements form a source of e r r o r  which u l t imate ly  f i l t e r  through t o  
the  output image along with ground processing errors. 
I n  t h i s  paper we w i l l  d i s c u s s  errors due t o  deviat ion from idea l  i n s t r u m e n t  
performance and due t o  t h e  measurement sys tem.  The dIscus,sion w i l l  be w i t h i n  
the  Landsat-D system framework which cons i s t s  of  t h e  spacearaf t  and t w o  scan- 
ner type sensors-the Thematic Mapper (TM) and the  Mult ispectral  Scanner (MSS) 
c1,21. 
Whatever the  source of e r r o r  i n  the  in s t rumen t ,  when i t  propagates through t o  
the  image the  e r r o r  can be c l a s s i f i e d  a s  e i t h e r  radiometric e r r o r  or geometric 
e r ro r .  On ground, it Is d i f f i c u l t  t o  d i s t ingu i sh  betweer! these two forms of  
e r r o r  b u t  from t h e  poirlt o f  view of t3e instrument,  t he re  is no i i f f l c u l t y  i n  
making t h i s  c l a s s i f i c a t i o n .  I n  t h i s  paper we d iscuss  orily those i n s t r u m e n t  
components which cont r ibu te  tti geometric e r r o r ,  because radiometric e r r o r  is a 
function of parameters t h a t  a r e  l a rge ly  independent of the  instrument being a 
scanner t y p e  or not. 
Geometric e r r o r  implies laLk of accurate  knowledge of the pos i t ion  of a sam- 
ple .  To place a de tec tor  sanple  of the spacecraf t  sensor prec ise ly  on ground, 
one needs t o  knou the  time the  sample was taken, the  posi t ion of the  space- 
c r a f t ,  i t s  o r i en ta t i cn  ( i n  i n e r t i a l  space) and the o r i en ta t ion  of  the  sensor 
body wi th  respect  t o  t h e  spacecraf t  a l l  a t  t h a t  same time. These a r e  the  
platform o r  spacecraf t  components of t h e  imaging s y s t e m  t h a t  need t o  be known. 
I n  addi t ion ,  t he  sensor c h a r a c t e r i s t i c s  and dynamics need t o  be known fo r  all 
time. O t h e r  important. components w h i c h  w i l l  not be s p e c i f i c a l l y  d i s c u s s e d  
here a r e  ea r th  shape, s p i n ,  atmospheric e f f e c t s ,  e t c .  
The next sec t ion  d iscusses  t h e  platform e r r o r s  and Section I11 covers the  sen- 
sor e r ro r s .  For convenience, Table 1 shows the u n i t s  o f ten  used i n t e  p - g e -  
ably i n  descr ibing t h e  e r ro r s .  
11. PLATFORM ERRORS [ 7 , 8,9,111 
With  the exception of  spacecraf t  j i t t e r ,  a l l  platform e r r o r s  vary slowly 
(low-frequency e r r o r )  w i t h  respect t o  t h e  time required t o  c o l l e c t  da t a  for 
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one image. The direct  e f f e c t  of these  errors on the  image is a s h i f t  or reg- 
i s t r a t i o n  e r r o r  a s  opposed t o  d i s t o r t i o n  of f ea tu res  within an image. We now 
discuss  the  four components o f  platform e r r o r  ind iv idua l ly ,  remembering t h a t  
t h e  Landsat-D System framework is assumed. 
Time [73 
The spacecraf t  clock is updated once every 24 hours from t h e  ground. The ac- 
curacy of t h ?  updated time is +3 milliseconds.  I n  a 24-hour period, the clock 
can also d r i f t  by a maximum o f + 1 7  msecs. Thus a maximum of 420 msec inac .u r -  
acy can bui ld  up i n  t he  spacecraf t  clock This time e r r o r i s  e s s e n t i a l l y  a 
b i a s  f o r  any one image and may be t r ea t ed  a s  a spacecraf t  or image pos i t ion  
knowledge uncertainty.  
-
Ephemeris [7,8,91 
The nominal spacecraf t  o r b i t  parameters and devia t ions  from them a r e  shown a t  
the bottom of Table 2. A t  t h e  top of t h e  t a b l e  is shown t h e  e r r o r  incurred i n  
measuring the  spacecraf t  ephemeris. This is t he  measurement e r r o r  incurred 
when ephemeris information is u p l i n k e d  frcm t h e  ground. I n  t h e  GPS modes, 
these e r r o r s  would reduce subs t an t i a l ly .  The along-track and cross-track po- 
s i t t o n  e r r o r  d i r e c t l y  results i n  an image r e g i s t r a t i o n  e r r o r ,  whereas the  a l -  
t i t u d e  deviat ion causes the  ground projected p ixe l  s i z e  t o  vary. 
Att i tude 17,8,9,10,111 
The nominal a t t i t u d e  of t h e  spacecraf t  implies geocentric pointing of the  sen- 
sor  op t i ca l  axis .  For the  Landsat-D TM, t h e  a t t i t u d e  e r r w s  a r e  shown i n  
Table 3, along w i t h  j i t t e r  errors (which a r e  high-frequency a t t i t u d e  e r r o r s ) .  
The spacecraf t  a t t i t u d e  cont ro l  is i n  e r r o r  by 36 a rc  sec 1’1. This is a 
low-frequency e r r o r ,  a s  shown. The TDRSS antenna a- ive i n t e r a c t s  w i t h  the  
spacecraf t  s t r u c t u r e  and causes a t t i t u d ? / j i t t e r  e r r o r  of t h e  magnitude shown. 
It should b e  noted t h a t  most of t h i s  e r r o r  is i n  the  lower-frequency range and 
can be measured by the  gyros. 
High-frequency J i t t e r  i n  the  spacecraf t  i s  caused by t h e  scanners themselves. 
Odd hai’monics of the  scan mirror frequency ( 7  Hz f o r  t h e  RI and ;3.62 Hz f o r  
the PSS) a r e  f ed  back t o  t h e  sensors through the spacecraf t  s t ruc tu re .  An an- 
gular  displacement senscr ( A D S )  is used t o  measure h i s  j i t t e r  on the TM sen- 
sor .  I n  Table 3, the  tRse l ine  and the  worst case design values  f o r  j i t t e r  i n  
the  r o l l ,  p i t ch ,  and yaw sxis is given. Error i n  ADS and D R I R U  ( d r y  r c t o r  
i n e r t i a l  reference u n i t )  c a l i s r s t i o n  causes measurement e r r o r  i n  a t t i t u d e /  
j i t t e r .  
A 1  1. p e n t  [ 7 , 8  1 --
The spacecraf t  assumes a predetermined alignment between t h e  pointed a x i s  and  
the master reference cube i n  order t o  achieve proper pointing. This predeter- 
mined alignment can, however, be achieved t o  w i t h i n  only a ce r t a in  to le rance ,  
and t h e  rea l  a l i g r i e n t  can be  measured t o  o n l y  a ce r t a in  accuracy. The values 
a r e  shown i n  Table 4 .  Another e r r o r  source i n  alignment is the  f a c t  t h a t  i t  
does not remain constant .  ThPre is a dynamic component t o  I t  caused mainly by 
thermal bondir,g due t o  spacecraf t  temperature changes. The s t a t i c  e r r o r  com- 
ponent of alignment results i n  the  sensor pointing Away :ram nominal an3 Is 
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equivalent t o  , . I  att:t.ude e r ro r .  ?he dynamic component has a time constant  
t h a t  is l a rge  enough (about 760 secs )  t h a t  the  r e su l t i ng  error over one image 
is e s s e n t i a l l y  constant.  Both result i n  image r e g i s t r a t i o n  errors. 
Table 5 shows t h e  approximate geometric e r r o r s  ( i n  metera) i n  knowledge of t h e  
posi t ion of  an image d u e  t o  platform e r ro r s .  These e r r o r s  a r e  e s s e n t i a l l y  
constant  f o r  one image and therefore  result  I n  image misreg is t ra t ion .  The a t -  
t i t u d e  e r r o r  shown here is t h e  result  of the  low-frequency (c2-H~) a t t i t u d e  
e r ro r s .  Higher-frequency a t t i t u d e  e r r o r s  ( j i t t e r )  a f f e c t  the  scan p r o f i l e  and 
w i l l  be d e a l t  w i t h  i n  t h e  n e x t  sec t ion .  Note t h a t  the alignment e r r o r  can be 
extremely l a rge  but postlaunch c a l i b r a t i o n  w i l l  reduce t h i s  e r r o r  
subs t an t i a l ly  . 
111. SENSOC ERRO3S [5,6,8,91 
I n  t h i s  sec t ion  e r r o r s  i n  t h e  sensor a r e  d i s c u s s e d .  Some of these ermrs a r e  
a result  cl platform e r r o r s  such as spacecraf t  a l t i t u d e  or j i t t e r .  O the r s  a r e  
e r r o r s  i n  the sensor i t s e l f .  Spec i f ic  e r r o r s  w i l l  be discussed w i t h  respect  
to t h e  R1 and t h e  MSS w i l l  b e  indiceted.  As background, t h e  a r , i c l e  by 
Blanchard and Weinstein 131 on the  TM design provides a good review of  the  es- 
s e n t i a l  design components of a scanner imaging svstem. 
One advantage of a scanning sensor ove? nonscanning k i n d s  is that- ob jec t  plane 
scanning can be used. This s impl i f i e s  t h e  performance requirements f o r  the 
rest o f  the op t i ca l  s y ~ t e m  by requir ing t h e  te lescope t o  operate  a t  only v e r y  
small f i e l d  angles. Moreover, t he  same zone of each element is used a t  a l l  
scan angles which el iminates  many of t h e  major problems of off-axis  imaging. 
n?e scanning mechanism, however, is a l s o  a major source of e r r o r  i n  these sen- 
sors .  Idea l ly ,  t h e  samples from a l i  the  scans s h o ~ l d  form s n  e v e n l y  sampled 
g r i d  on the  ground. Deviations from t h i s  ideal izat ior i  m u s t  be  measured ir? 
rea l  time so tha t  appropriate  ground processing can b e  applied.  I n  order t o  
underatand these devia t ions ,  schematics of the  MSS and R1 sensor mechanisms 
a r e  shown i n  Figures 1 and 2. 
The MSS design is r e l a t i v e l y  s t ra ightforward.  Fiber op t i c s  a r e  used t o  t rans-  
m i t  t h e  focused image energy t o  the  de tec tors .  There a r e  four bands w i t h  six 
de tec tors  p e r  band. Sampling of the  de tec tor  outputs  is done only during a 
scan mirror forward scan. The reverse scan is used t o  br ing the  mirror back 
t o  its i n i t i a l  posi t ion only. 
The TM, on the other  hand, doe? i t s  imaging d u r i n g  both forward and reverse 
scans .  DJe t o  the r e l a t i v e  ve loc i ty  between the Earth and the spacecraf t  i n  
t h e  in-track direct!on, the forwdrd and reverze scans when projected t o  ear th  
a r e  skewed t o  each o ther .  Another scan mirror ( t h e  Scan L i n e  Corrector) t h z t  
opposes the r e l a t i v e  in-track motion, is used t o  compensate lor t h i s  e f f e c t .  
The R1 h a s  seven bands and a t o t a l  of 100 de tec tors .  These de t ec to r s  a r e  d i -  
r ec t ly  placed on t h e  focal  plat?e; t h u s  f i b e r  op t i c  r e l ays  w i t h  t h e i r  a t tendant  
losses  a re  bypassed. ?pacing between bands is natura l ly  l a rge r  i n  such a de- 
s i g n  -- up t o  183 samples maximilm (compared to  a maximum of six samples fo r  
the MSS). Scan p r c f i l e  r epea tab i l i t y  and  precise  timing is therefore  c r i t i c a l  
for  accurate band-to-band r e g i s t r a t i o n .  
The m i r r o r  mechanism that does the scanning is a major source of e r r o r  i n  
these sensors -- f o r  the TM, t k i 3  means the  scan mirror and t h e  scan l i n e  
correc tor  mirror.  During ac t ive  scan (when imaging is done) the scan mirror 
design d i c t a t e s  t h a t  no torques a c t  on it .  Under these condi t ions,  t he  scan 
mirror moves a t  a constant  angular ve loc i ty  i n  i n e r t i a l  space. This ve loc i ty  
i s  rredetermined by design. The scan l i n e  cor rec tor  mirror is a l s o  designea 
t o  scan w i t h  a constant  m e u l a r  ve loc i ty  opposing t h e  in-tracu ve loc i ty  of  t h e  
spacecraf t  w i t h  respect  t o  the  Earth. The design of the  scan l i n e  cor rec tor  
angular ve loc i ty  is  based on the spacecraf t  a l t i t t - '  and veloci ty .  
Deviations from design condi t ions of the  scan mechanism r e s u l t  i n  in-t.rack and 
cro<,s-track e f f o r t s .  We w i l l  d i scuss  t3ese e r r o r s  i n  terms of t h e  scan 
prof i les .  
Cross-Track P r c f i l e  
T h e s .  a r e  the p r o f i l e  e r r o r s  i n  t h e  scan mirror motion. Again, t h e  TM is used 
a s  a base t o  descr ibe t h e  e r ro r s .  Two k i n d s  o f  e r r o r s  occur. Design condi- 
t i o n s  of torque-free i n e r t i a l  mction result i n  e v e n l y  spaced samples on ground 
(ignoring the ea r th  curvature  e f f e c t s  and s l a n t  range e f f e c t s )  and a l i n e a r  
mirror angle versus time p lo t  ( p r o f i l e ) .  Due t o  small res idua l  torques,  how- 
ever ,  a nonlinear p:ofile is ac tua l ly  achieved. This means t h a t  the  mirror 
motion is f a s t e r  o r  slower than nominal and results i n  ground sample spacings 
t h a t  a r e  uneven. Cross-track p r o f i l e  nonl inear i tv  of the  scan l i n e  cor rec tor  
a l s c  adds t o  thc t o t a l  cross-tl'ack p r o f i l e  i i n e a r i t y .  However, t h e  scan l i n e  
cor rec tor  nonl inear i ty  is la rge ly  i n  the  in-track d i r ec t ion .  
The o ther  e r r a r  i s  ca l led  l i , i e  l e n g t h  e r r o r ,  and r e f e r s  t o  devis t ions  t h a t  oc- 
cur i n  t o t a l  ac t ive  scan time w i t h  respect t o  t h e  nominal of 60743 usec. The 
sources of  t h i s  e r r o r  a r e  the  cont ro l  sys t em,  spzcecraf t  j i t t e r  i n  t h e  r o l l  
ax is ,  a d  in t e rac t ion  of  tho two. The sensor Scan mirror cont ro l  system re- 
sponds very wzll  t o  j i t t e r  caused by i t s e l f  but poorly t o  ex te rn r l  j i t t e r  
sources. 
Ihr cross-track p r o f i l e  nonl inear i ty  and t h e  l i n t ?  l e n g t h  a r e  dynamic erro;' 
sources and m u s t  be measured i n  f l i g h t .  Line l e n g t h  i s  e a s i l y  measured by 
clock counts taken from s t a r t  t o  end of scan. The 3 c a ~  mirror cross-track 
p r o f i l e  f o r  the TM is modeled a s  a six-term power s e r i e s  w i t h  time a s  the  i n -  
dependent var iable .  It has been shown by extensive tests [ 6 1  t h a t  the varia- 
t i o n  i n  the  p r o f i l e  car. be accurately modeled by updatir?g the f i r s t -order  and 
second-order terms of t h e  power s e r i e s .  This requi res  knowledge of f i r s t - h a l f  
and sec.md-half scan times w h i c h  a r e  measured by d clock m the  spacecraf t .  
Time is normalized using l i n e  1erl;rth and j i t t e r  da ta .  
Table 6 shows the magnitude of along scan (o r  cross- t rack)  e r rorz .  
A 1 o ng- Tr a c k Prof i 1 e -
The ground projected scan p r o f i l e  ( i . e . ,  i he  envelope of the  project ion of a l l  
de tec tors  of a band on ground d u r i n g  one complete scan) should idea l ly  be rec- 
tangular ,  w i t h  each scan s t a r t i n g  where the  l a s t  l e f t  o f f .  The r e a l  ground 
projected scan p r o f i l e  doesn ' t  follow t h i s  s imp le  geometry. Gaps between 
scans (underlaps)  and scan overlkps are present  f o r  a mmber of reasons. 
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Tlie projected s i ze  of  a p i x e l  is d i r e c t l y  re la ted  t o  t h e  dis2ance between t h e  
de tec tor  and look point on t h e  Ear th ' s  surface.  A t  the  spacecraf t  desigi a l -  
t i t u d e  of  705.3 km, a de tec tor  (42.5 prad ians)  p ro jec t s  t o  ground a s  a 30- 
meter square p i x e l .  The s l a n t  range being l a rde r  than t h e  nadi r ,  the  ;can 
p r o f i l e  i s  wider a t  the ends then i t  i s  i n  the  center .  K i s  e f f e c t  is ca l led  
the bow-tie e f f e c t  and r e s u l t s  i n  a m a l l  scar! overlap a', the  scar  e rds  and an 
underlap a t  scan center .  
Spacecraft a l t i t u d e  va r i a t ions  (696 km to  741 km) a f f e c t  t h e  scan p r a f i l e  i n  
two ways. First, a s  dzscribed above, i t  causes a scan overlap/underlap.  The 
second e r ro r  i s  due t o  spacecraf t  ve loc i ty  va r i a t ions  a s  a r e s u l t  o f  a l t i t u d e  
deviat ions.  The scan l i n e  cor rec tor  mirror r a t e  design i s  based on t h e  space- 
c r a f t  ve loc i ty .  k'hen the l a t t e r  changes, the  scan l i ne  cor rec tor  cmper-a t ion  
i s  no longer co r rec t .  The forward and reverse scans tt-en a r e  skewed t o  3 :h 
o the r .  
Spacecraft j i t t , e r  i n  the  vaw and pi tch a x i s  a l so  shows u p  i n  the ground gro- 
jectec! scan p ro f i l e .  High-frequency j i t t e r  causes underlap/overlap t o  vary 
across  the scan. See Taole 7 f o r  numerical values  f o r  scan gap e r r o r .  
The p r o f i l e s  of the scan mirror anci scan l i n e  c o r r t - t c r  mirrors  ' n  the i n -  
t r a c k  d i rec t ion  i s  a fixed function known a p r i o r i ,  and, thoug,i i t  does .?lake 
the ground projected scan p r o f i l e  deviate  from t h e  rectsngll .ar  case ,  i t  i s  a 
constant ,  known deviat ion.  
Knowledge c s f  imaging geometry along with measurement of  t h e  parameter;; men- 
tioned above ( . h i c h  cause in-track scan i o n l l n e a r i t i e s )  a l l o u s  one t o  accur- 
a t e ly  d e s c r i b e  the  scan shape anl pc;sition of samples cn the ,?rrjund. ?he riext 
s t ep  is  t o  d e f i n :  an algorithm t o  perform image resampling mder  the cmdi -  
t i o n s ,  wh ich  w i l l  not be discussed !n t h i s  paper. 
Other  sources of e r ro r  i n  the  sensor irre detet .anent s n d  tht .  elecc.  ~ n -  
i c s .  These e r r o r s  a r e  r e l a t i v e l y  small i n  cornprison i( .  the scar! ncd i i t ea r i -  
t i e s .  They a r e  summarized i n  Table 8 and w i l l  L e  b r i e 3 y  d i x u s r s s d .  The ef- 
f ec t ive  focal length (EFL)  of the op t i ca l  systm deterirlines the oizpnsio-s of  
t l ie  projccti,,s of t h e  de tec tor  cn graund. Because the iT;ee 13 scanned acrosy 
the de tec tor  a r rays ,  the  EFL i s  a l so  responsible  f o r  the system trai .sfer  funz- 
t i o n .  Tolerances must, be t i g t *  i f  the real  sampling is  t o  mimic the design 
t rar .sfer  function character:st ics.  VJlues fo r  the EFL f ab r i c s t ion  and mea- 
surement tolerances ;,re shown, a s  is deviat ion of EFL. 
The spacir.g betweer! de tec tor  a r rays  fo r  the d i f f e ren t  band; determines the 
band-tQ-band image spacif,g Aligrment betdeen de tec t c r  a r r a y s  m u s t  b e  w i t h i n  
s t r i c t  tolerance l i m i t s  or  band-to-band r egAs t ra t ion  w i l l  su f fe r .  
Vibration of the de tec tor  layout cause ; band-tc-band e r ro r  !or br,id-to-;?and 
v i b r a t i o n  and also overlap/underlap e r r o r  fcr vibvacior: w i t h i n  any oze  band. 
The e l ec t ron ic s  of  the system introduces e r r o r s  too.  '3etector response nonun- 
iformity i s  one reason. The f i l t e r  response and t i m i n g  e r r o r s  are  o ther  
causes.  The vibrat ion and de tec tor /e lec t ronics  responses cause a i s t o r t i o n s  
w i t h i n  311 image. 
This overview cf spaceborne scarinrr imaging system e r r o r s  shows the sens i t i v i -  
t y  of image e r r o r s  t o  spacecraf t  component e r r o r s  and a l so  the interderendance 
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of t h e  imaging system components. As more s o p h i s t i c a t e d  imaging systems are 
developed,  w i t h  greater r e s o l u t i o n  c a p a b i l i t i e s  and stricter accuracy  r e q u i r e -  
ments,  t h e  need to understand and model t h e s e  error s o u r c e s  becomes more im-  
portant  141. 
i i a  
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Table 4. STATIC ALIGNMENT 
ALIGNMENT REQUIREMENTS 
- ALIGNMENT BETWEEN ACS A X S  AND POIN1’ED AXIS 
WITHIN 1.25 DEGREES (30) 
- POINT THE AVERAGED AXES OF THE MSS AND TM 
- ALIGNMENT KNOWLEDGE ACS TO TM OPTICAL AXIS 
ROLL = .IO, PITCH = .21, YAW = 2 1  DEGREES (30.) 
0 POSTLAUNCH ESTIMAT!ON OF SPACECRAFT STATIC ALIGNMENT 
WILL BE PERFORMED 
ACS: ATTITUDE CONTROL SYSTEM 
DYNAMIC ALIGNMENT 
SPACECRAFT TEMPERATURE CHANGES CAUSE ALIGNMENT CHANGES 
- EXAMPLE: 1 DEGREE GRADIENT ACROSS THE INSTRUMENT MODUL 

















cn - a 
2 
LLI 






































































































<n z a - w J 


































1 .. w 
z t5 











l a  
I A  
. -. 

















Table 8 .  Sumar.y of Error  Sources 
Error  Source Magnitude 
Ef'ectlve Focal Length (En) Band 
w a d  (90%) 
Across-Track Along-Track 
En Measurement and Fabr ica t ion  1 t o  4 2 
5 t o  6 2 
5 t o  1 2 
EFL Deviation 2 w a d  (max) 




D e t  ec t o r s  
prad (907;) 
Detector Array Alignment Accuracy Band Across-Track Along-Track 
Band- to-Band Vibrat ion 
1 t o  4 
5 t o  6 
5 t o  1 






Detect o r  
5 t o  6 1.5 1 , 5  
5 t o  1 1.5 1.5 
Vibrat ion 2 . 6  prad random e r r o r  (90%) in tests. 
Response Nonuniformity 1 t o  5 2 2 
5 to 6 a 8 
5 t o  1 2 2 
F i l t e r  Response - Forward t o  
Reverse Scan 
Bands 1-5 and 7 1 .3  IFOV o f f s e t  
Band 6 5.2 IFOV o f f s e t  
F i l t e r  Response - Bands 1-5 and 3.0 IPOV o f f s e t  
7 t o  Band 6 
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